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Available online 5 January 2015AbstractThe basic principle of friction welding is intermetallic bonding at the stage of super plasticity attained with self-generating heat due to
friction and finishing at upset pressure. Now the dissimilar metal joints are especially popular in defense, aerospace, automobile, bio-medical,
refinery and nuclear engineerings. In friction welding, some special alloys with dual phase are not joined successfully due to poor bonding
strength. The alloy surfaces after bonding also have metallurgical changes in the line of interfacing. The reported research work in this area is
scanty. Although the sound weld zone of direct bonding between Tie6Ale4V and SS304L was obtained though many trials, the joint was not
successful. In this paper, the friction welding characteristics between Tie6Ale4V and SS304L into which pure oxygen free copper (OFC) was
introduced as interlayer were investigated. BoxeBehnken design was used to minimize the number of experiments to be performed. The weld
joint was analyzed for its mechanical strength. The highest tensile strength between Tie6Ale4V and SS304L between which pure copper was
used as insert metal was acquired. Micro-structural analysis and elemental analysis were carried out by EDS, and the formation of intermetallic
compound at the interface was identified by XRD analysis.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Friction welding (FW) is a solid-state joining technique, by
which significant heat is generated on the faying surfaces of
two components under a certain combination of pressure,
time, speed and surface roughness of weld face. Heat is
generated by the friction which softens the materials to be
joined before deforming them plastically. After an interfacial
region is plasticized, a metallurgical bond is finally formed
under the action of axial forging force instantly due to relative
movement. In this process, the plastic deformation in the weld
zone results in grain refinement, in a flow line orientation the* Corresponding author.
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2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting byimpurities are pumped out to the outer region and the whole
process is finished in few seconds [1]. Ti alloy is more
expensive than other materials, but due to its higher strength
and better mechanical properties it has attracted attention and
introduction of Ti alloy has spurred interest. The forged
aluminum used to manufacture the commander's hatch in a
fighting vehicle has been replaced with forged titanium with a
weight saving of 35% and with a great improvement of bal-
listic protection. Other components, such as torsion bar,
lightweight armor, road arm, support arm, road wheel, and
gear housing, in the battle tank were made of high-strength
beta titanium alloys by friction welding [2]. Ti helium vessel
must be joined to a stainless steel in cryogenic plumbing
system [3]. Ti and stainless steel have been widely applied for
nuclear industry pipe lines and accessories in oil rig. Steel-
etitanium coupling is used in biomedical applications like
dental implants and articulation replacement. Ti alloy andElsevier B.V. All rights reserved.
Fig. 1. Tie6ALe4V and SS 304L without interlayer.
Table 1
Chemical composition of materials under study.
Material Elements (wt. %)
SS304L C Si Mn P S Cr Mo Ni N Fe
0.030 0.36 1.58 0.03 0.02 18.37 0.13 8.28 0.03 Bal.
Elements (wt. %)
Tie6Ale4V C Ni Al V Fe Ti
0.030 0.01 6.33 4.32 0.05 Bal.
Elements (wt. %)
OFC Ni P Sn Zn Cu
0.075 0.007 0.021 0.014 Bal.
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nium), discs (stainless steel), and aero engine casing with high
service temperature [4,5].
In advanced engineering and technology the process steps
and process materials are more efficient to meet the industrial
demands with the optimized condition [6,7]. Friction welding
is vastly attractive for joining difficult-to-weld and high per-
formance dissimilar alloys. Ti alloy and stainless steel without
interlayer was initially fabricated at constant speed, and other
FW parameters were varied. Even though the findings are
moderate in mechanical and metallurgical evaluation, the
failure happened in the weld zone due to insufficient heating in
stainless steel side and the formation of martensitic structure
(Fig. 1 and Fig. 2) [8]. Tie6Ale4V with interlayer of Ni, WC,
Nb in the form of foil was studied. This joint performs well in
the case of multiple layer of material foils and fails when a
single foil is used, as it is peeled from the interfacial region
due to high friction pressure [9]. To overcome this difficulty, a
pure titanium and stainless steel joint was attempted with an
interlayer of copper and nickel which yielded good bonding
strength. The same materials were investigated with the in-
termediate materials of nickel, vanadium and tantalum in be-
tween the dissimilar base metals and nickel retained the
bonding than other materials [10,11]. Maraging steel friction
welded with low alloy steel by using solid nickel as anFig. 2. Failed joint without interlayer subjected to drop test.interlayer after post weld heat treatment was evaluated by
mechanical and metallurgical analysis. In this process Ni acted
as an effective diffusion barrier between the parent materials
and avoided carbon migration in weld region [12]. The friction
welding of incompatible materials and the feasibility of the
method were experimented for different material combinations
of brass/copper, bronze/steel and titanium/nickel with suitable
third metal interlayer. With careful experimental analysis, the
joint efficiency was increased by 40% [13,14]. The effects of
friction welding parameters and heat treatment on nickel alloy
joints were established and the best results were obtained [15].
Friction welding of austenitic stainless steel and copper was
experimentally investigated with various parameters through
Taguchi orthogonal array, and the outcomes were evaluated for
its joint strength. It concluded that more friction pressure with
low upset pressure increases the tensile strength [16]. Friction
welding of pure titanium and pure copper was established and
the performances of joints were analyzed. Due to higher purity
of copper, the bonding strength in the faying surfaces was
tremendously increased by selecting the optimum parameter
and fine surface finish [17]. TiAl alloy casting and AISI4140
commercial steel rod were fabricated by friction welding with
pure copper as intermediate material. From the evaluations it
was found that the direct bonding let to crack through interface
due to brittle reaction; but in case of copper interlayer the joint
was free from defects. Considering the above literature
studies, Tie6Ale4V and SS304L were friction welded with
oxygen-free copper (OFC) as an interlayer. The reason for
choosing OFC as an interlayer material is that it has higher
ductility, higher linear expansion coefficient and minimizes
the residual stresses near the bonding surfaces. The heat-
affected zone (HAZ) on stainless steel side is minimized by
the reduction of brittle martensitic phase during thermal cycle,
showing higher weldability of stainless steel and Ti alloy.
Moreover, the pure copper has high thermal conductivity; it
can transfer the weld heat from the interface. It can minimize
the width of heat-affected zone on the stainless steel side, suchTable 2
Mechanical properties of base metal.
Material Yield
strength/Mpa
Ultimate tensile
strength/Mpa
Hardness
HV
Elongation/%
Tie6Ale4V 880 950 349 15
SS304L 200 550 213 45
OFC 69 221 75 40
Fig. 3. Friction welding setup.
Table 3
Important friction welding parameters.
No. Parameter Joint-1 Joint-2
1 Materials SS 304 L & copper Copper&Ti6Al4V
2 Speed/rpm 1500 1500
3 Friction pressure/(N$mm2) 8 (20 bar) 12 (30 bar)
4 Upset pressure/(N$mm2) 14 (35 bar) 40 (100 bar)
5 Friction time/s 2 1
6 Upset time/s 8 6
7 Burn-off length/mm 7.6 11
Table 5
Important process parameters.
1 0 1
FT (X1) 0.8 1.0 1.2
UT (X2) 5 6 7
ILT (X3) 0.65 2.65 4.65
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thermal cycle [18].
2. Experimental work2.1. Joint fabricationThe materials used in the experiment are Tie6Ale4V,
SS304L and oxygen free copper (OFC). The rolled round rods
with100 mm in length and 20 mm in diameter were made fromTable 4
Variable parameters for Joint-2.
Sample no. Speed/rpm Friction
pressure/(N$mm2)
Upset
pressure/(N$mm2)
Fric
tim
1 1500 12 40 0.6
2 1500 12 40 0.7
3 1500 12 40 0.8
4 1500 12 40 0.8
5 1500 12 40 0.8
6 1500 12 40 0.8
7 1500 12 40 0.9
8 1500 12 40 1.0
9 1500 12 40 1.0
10 1500 12 40 1.1
11 1500 12 40 1.2
12 1500 12 40 1.2
13 1500 12 40 1.2
14 1500 12 40 1.2
15 1500 12 40 1.2Tie6Ale4V. The chemical compositions and base metal me-
chanical properties of the materials at room temperature of
25.4 C were analyzed as per ASME-E-1086-2008 standard
and presented in Table 1 and Table 2, respectively. A rotary
friction welding machine, as shown in Fig. 3, was used, with a
constant speed of 1500 rpm. The standard welding parameters
are listed in Table 3 and Table 4. The predetermined factors for
friction welding were chosen, as given in Table 5. After
choosing the factors and levels, BoxeBehnken design was
used to perform the experiments, as listed in Table 6. The
BoxeBehnken design is an independent quadratic design in
that it does not contain an embedded factorial or fractional
factorial design. In this design the treatment combinations are
at the midpoints of edges of the process space and at the
center. These designs are rotatable (or near rotatable) and
require 3 levels of each factor. BoxeBehnken design has the
maximum efficiency for an experiment involving three factors
and three levels; further, the number of experiments conducted
for this is much lesser compared to a central composite design.
BoxeBehnken is a second order rotatable design based on 3-
level incomplete factorial design. It is a special 3-level design
because it does not contain any points at the vertices of the
experiment region. This could be advantageous when the
points on the corners of the cube represent the level combi-
nations that are prohibitively expensive or impossible to test
because of physical process constraints [19e22].
The samples are prepared from the standard 20 mm
diameter rod by machining process, and then their edges are
polished with abrasive cloth of 600e1200 mesh size. This
polishing gives low surface roughness value, which istion
e (FT)/s
Upset
time (UT)/s
Interlayer
thickness (ILT)/mm
Remarks
2 9 Unsuccessful joint
3 8 Unsuccessful joint
3.5 8 Unsuccessful joint
4 7 Unsuccessful joint
4.5 7 Unsuccessful joint
4 6.15 Welded (high interlayer)
4 5.65 Welded (high interlayer)
5 4.85 Welded
5 4.55 Welded
6 1.95 Welded
6 1.85 Welded
6 1.16 Welded
6.5 0.86 Welded
7 0.72 Welded
7 0.65 Welded
Table 6
BoxeBehnken design.
X1 X2 X3 FT UT ILT TS
1 1 1 0 0.8 5 0.65 523.6
2 1 1 0 1.2 5 2.65 302.3
3 1 1 0 0.8 7 2.65 302.3
4 1 1 0 1.2 7 2.65 302.3
5 1 0 1 0.8 6 0.65 523.6
6 1 0 1 1.2 6 0.65 523.6
7 1 0 1 0.8 6 4.65 362.5
8 1 0 1 1.2 6 4.65 362.5
9 0 1 1 1.0 5 0.65 523.6
10 0 1 1 1.0 7 0.65 523.6
11 0 1 1 1.0 5 4.65 362.5
12 0 1 1 1.0 7 4.65 362.5
13 0 0 0 1.0 6 2.65 302.3
14 0 0 0 1.0 6 2.65 302.3
15 0 0 0 1.0 6 2.65 302.3
Fig. 5. SS304L and Tie6Ale4V joint.
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bonding. The prepared materials are fixed in KUKA friction
welding machine with a maximum pressure of 150 bar. The
friction welding facility used is shown in Fig. 3. The feed rate
of the machine was set to 0.5 mm/s and the experiments were
conducted as per the parameters in Table 4. The process pa-
rameters are especially important for heat generation, plastic
yielding and other friction related phenomena. The welding
was achieved in two phases.
Initially the Joint 1 was prepared with stainless steel and
copper rod (Fig. 4). This joint gives better result because of the
purity and softness of copper with polished layer. Next, the
copper side is cut to 12 mm length from joined interface. Then
joint 2 was prepared with titanium alloy and copper side of
previous joint 1, as per previous steps with various parameters.
Due to increased upset time more amounts of copper as flash
came out, as shown in Fig. 5, which results in different copper
thickness between Ti alloy and stainless steel. It is considered
as interlayer thickness and the outcomes are as shown in
Fig. 6. The process is repeated for the parameters of the
different samples in Table 4 and sample tested by drop test.
Drop test is performed immediately after the joint is estab-
lished in order to understand whether bond is intact. TheFig. 4. SS304L and copper joint.welded sample is dropped from the standard height of 1 m to
see whether joint is intact or it gets separated. The sample
under study cleared the drop test without being separated due
to excellent bonding, which was achieved using the copper
interlayer. Thus the specimen is now taken for further inves-
tigation. The major constitution was found to be copper by
analyzing the flashes in the samples. This is because of its
softness and more heat conducting property. The flashes are
removed from the samples by machining. The thicknesses of
copper (interlayer) are listed in Table 4. Necessary samples are
prepared for further evaluation of mechanical and metallur-
gical properties.2.2. Hardness testingThe prepared samples, were subjected to tensile and hard-
ness testing to find out the suitability of service application.
Initially the specimens were prepared for micro hardness test.
Micro hardness testing was done on INNOVATES Vickers
hardness testing machine model of 423D with 0.01 kgf~ 2 kgf
load. In this test the low load Vickers hardness (HV1) method
was conducted along the weld centre line at the regular in-
terval of 1 mm apart. The hardness values are presented
graphically in Fig. 10. Variation in hardness near the centre
line is due to HAZ.Fig. 6. Joints with different interlayer thickness.
Fig. 7. Microstructure of Tie6ALe4V, interface region and SS 304L.
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without stress concentration, which were taken from the
welded joints with constant speed rotation (1500 rot/min),
constant axial pressure (12 N/mm2) and variable friction time.
The prepared specimens are tensile tested as per ASTM
standard with a gauge length of 50 mm and a diameter of
12.5 mm (Fig. 8). Tensile test was performed at room tem-
perature on the MTS make UTM having 1000 KN capacity.The test samples were loaded on the UTM machine and tested
as per the standard. The test values are listed in Table 6. The
test shows that breaking occurs either in the welding area or in
the immediate vicinity of the austenitic steel component.2.4. Micro structure testingThe samples for the microstructural investigation were
prepared by wire-cut EDM process. The samples were pol-
ished with alumina, magnesia and diamond powders with
Fig. 8. Fractured samples after tensile test.
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alcohol and etched with reagent for 20 s. Macrostructure and
microstructure were analyzed by De-Wintor trinocular inver-
ted metallurgical microscope with magnification of 100
using etching reagent like Kroll's reagent for titanium alloy,
pot dichromate for copper and Glyceregia solution for stain-
less steel.
3. Results
The samples were friction welded. It can be seen from
Fig. 6 that the heating time, upset time and interlayer thickness
are the major criteria for joint performance. When the weld
interfaces of Sample 13 were analyzed after experimentation,
the friction and upset times were 1.2s and 6.5s, respectively.
The macro examination of the fractured surface after the
tensile test shows the major diffusion of copper on both the
sides. For Sample 15, the heating and upset times were 1.2s
and 7s, respectively. In this sample, the interlayer thickness
was 0.65 mm, and the fractured surface reveals more copper
diffused on the titanium alloy side and stainless steel side.
Micro-hardness survey was done by Vickers hardness ma-
chine. The hardness values of the different samples are pre-
sented in Fig. 10. It is observed that the hardnesses of stainless
steel varied between 271 VHN to 297 VHN which is moreFig. 9. Fractured face of failure sample 1 after tensile test.than that of base metal. The hardnesses of Ti alloy and copper
vary from 298 VHN to 320 VHN and 77 VHN to 107 VHN,
respectively.
The tensile test results of different samples are listed in
Table 6. 523.6 MPa tensile strength was obtained for 0.65 mm
thick interlayer. The tensile strength reduces gradually as the
interlayer thickness increases. The values of tensile strength
ranges between 302.3 and 523.6 MPa. The diffusion of copper
on both the sides of the joint is good and the tensile strength is
remarkable with interlayer thickness between 0.65 and
0.85 mm.
4. Discussion4.1. Hardness studyFrom the observed value it's found out the hardness of
stainless steel is increased by 15%e20%, the hardness of
copper is increased by 23%, and the hardness of Ti alloy side
is the lowest. It is observed that the increase in the hardnesses
of stainless steel and copper side is due to high temperature
rise and upset pressure in the weld zone. The parent metal of
stainless steel with austenitic structure was changed to
martensite in copper side due to high upset pressure and rapid
atmospheric cooling; the metal characters were completely
changed with high hardness. Because of a higher regional
velocity at the peripheral region, the temperature at the pe-
ripheral region was higher than that of the central region. It
accelerated the inter diffusion of Ti, Al and Cu at the interface.
The formation of intermetallic compound at peripheral region
could be explained by a higher temperature. The phase
transformed region observed at the SS 304L side remarkably
decreased and was limited to less than 0.5 mm from the weld
interface. Fig. 10 shows the hardness distribution near the
interface using insert layer. At SS side, a remarkable hardened
region due to the martensite structure was formed within
0.3 mm from the SS/copper interface. In the copper region,
slight softening occurred due to recrystallization and anneal-
ing effect caused by welding heat.4.2. Tensile test propertiesTie6Ale4V and X5CrNi18-10 dissimilar FW joints
without interlayers have tensile strength between 340Mpa and
380 Mpa [8], Pure titanium and SS304L with different inter-
layer revealed that the tensile strengths of Ti/Ni/SS304L, Ti/
Ta/SS304L, Ti/V/SS304L and Ti/Ta/Ni/SS304L were
410Mpa, 394Mpa, 388Mpa and 388Mpa, respectively [11].
Previous work done without interlayer as in the case of Ti
alloy and stainless steel also produced lower tensile strength of
340Mpa [8]. It is also evident from the previous literature that
the copper has not been used as interlayer with titanium alloy
and SS304L. The present study of copper interlayer proved
that higher tensile strength is possible. From the experimen-
tation it is observed that the maximum tensile strength of
523.6 MPa was achieved, which is closer to the strength of
SS304L base metal. From the findings the strength gradually
Fig. 10. Hardnesses of samples of ILT from 0.65 to 6.15 mm.
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Fig. 11. SEM and EDX results of stainless steel and copper interface.
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significant observation is that the bonding of copper between
Ti alloy and stainless steel is equally well because of high
friction time of 1.2 s and upset time of 7 s (Fig. 9). When
friction time and upsetting time are short, the copper de-
bonding takes places at Ti alloy side during tensile testing,
so it needs more upset time for superior bonding. TiAl (Tita-
nium aluminide) and AISI 4140 steel with copper insert layer
[18] revealed that the tensile strength increased with decrease
in layer thickness, and for an interlayer thickness of 0.6 mm,
the tensile strength was about 250 MPa. When the interlayer
thickness was reduced to 0.3 mm and 0.2 mm, the average
tensile strength was about 345 MPa or 375 MPa. The presentTable 7
Elements comparison of base metal and SS- copper location.
Element Weight% in base metal Weight% in weld zone Atomic/%
C K 0.030 5.75 22.29
Cr K 18.37 15.11 13.53
Fe K 71.16 57.56 47.97
Ni K 8.28 6.95 5.51
Cu K e 14.62 10.71
Totals 100investigation of SS 304L and Ti alloy with copper as interlayer
has proven to have the highest tensile strength of 523.6 MPa
with an interlayer thickness of 0.65 mm. When the Ti alloy is
combined with stainless steel, a pronounced deformation is
noticed because of frictional heating, and the transformation
from Ti alpha to Ti Beta takes place accompanied by the
decrease of mechanical resistance. By increasing the friction
time and maintaining the constant rotational speed and axial
pressure, a quality welded joint without defects is achieved.4.3. Microstructural investigationsThe prepared specimen for microstructural investigation
was observed through optical microscope. The stainless steel
matrix far away from the center shows the parent metal
microstructure with Equi-axed grains of austenite. Some strain
band is due to the hot extrusion of the stainless steel
(Fig. 7(a)). The interface zone is not in a straight line and
varies according to the upset pressure and also shows the
plastic deformation of both the metals (Fig. 7(b)). The Ti alloy
microstructure shows the presence of acicular alpha phase
Transformed into beta phase (Fig. 7(c)). The microstructure of
Ti alloy at the center shows some formation of alpha prime
phase due to heating and cooling (Fig. 7(d)). The
Fig. 12. SEM and EDX results of Ti alloy and copper interface.
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phase in transformed beta matrix as seen in Fig. 7(e), and the
interface zone of the copper and stainless steel is visualized as
the dark diffusion zone (Fig. 7(f)). The interface zone of the Ti
alloy with copper shows alpha prime structure (Fig. 7(g)) and
interface zone of SS304L with copper is as shown in Fig. 7(h).4.4. SEM-EDS analysisTable 8
Elements comparison of base metal and Ti alloy - copper location.
Element Weight% in base metal Weight% in weld zone Atomic/%
CK 0.030 4.20 15.79
OK e 4.42 12.49
Al K 6.33 0.76 1.27
S K 0.010 0.44 0.62
Ti K 89.1 23.23 21.93
V K 4.32 1.47 1.30
Cu K e 65.48 46.59
Total 100Scanning electron microscopy (SEM) and energy disper-
sive X-ray (EDS) analysis were performed to find out the
elemental distribution at the interface region. The observed
results were analyzed under 20.00 kV field effect scanning
electron microscope through energy dispersive x-rays (EDS)
analysis. SEM microstructure of the stainless steel and copper
interface region (Sample 2) reveals some intermetallic com-
pounds as seen in Fig. 11(a)e(c), and EDS analysis results are
shown in Table 7. It is evident that the solubility of copper
(14.52% by weight) is seen in the stainless steel region. SEM
and EDX results of Ti alloy and copper side (Sample 3) are
shown in Fig. 12 and tabulated in Table 8. Here also it isevident that the solubility of copper in the Ti alloy side is more
than those of any other elements, and the solubilities of Ti and
other elements like vanadium are reduced.
From EDS result it is confirmed that more elements of
copper diffused on both sides of base metal as intermetallic
compounds and there is no direct contact between the both
parent metals. Such intermetallic region has improved the
bonding strength and high tensile strength compared to direct
bonding. Though the binary phase diagram of CueTi indicates
Fig. 13. Diffraction patterns of Ti and SS with copper interface.
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increase in Cu content, the low melting point of copper en-
courages an improved contact area in the mating surfaces. The
welds of titanium alloys with steels suffer from the brittleness
of resulting intermetallic compounds like TieFe and TieCr.
The nature and the localization of intermetallic phases in these
welds were studied by SEM, EDS, XRD and micro hardness
measurements. The local accumulation of Cu3eTi based phase
is less detrimental to the strength of the welds, which makes
joining possible (Fig. 13).
5. Conclusions
A comparative study was performed to understand the
friction welding characteristics of Tie6Ale4V and SS304L
with copper as interlayer and without interlayer. Based on the
investigations performed, we conclude the following.
1) From the literature and our experimental results, the parent
metals without interlayer was welded, but the joint failed
in the drop test. This was due to the crack formation, and
the brittle intermetallic compound with martensite phase
resulted in a lower strength.
2) For dissimilar materials like dual phase materials, a poor
joint was observed when it was attempted to join directly.
The presence of copper interlayer in this joint has played a
significant role in obtaining excellent bonding between Ti
alloy and stainless steel without crack and preventing
major martensitic changes. Moreover the addition of
copper as interlayer has produced high tensile strength in
the order of 523.6 MPa as compared to the joints estab-
lished without interlayer.
3) In mechanical and metallurgical characterization of the
welded samples, it is observed that the samples with
minimum interlayer thickness have produced better
results.
4) Hardness at the interface was increased by 23% compared
to OFC copper. Hardness in the SS 304L region was alsoincreased by 15e20% compared with the SS parent ma-
terial. The parent metal of stainless steel with austenitic
structure was changed to martensite in copper side due to
high upset pressure and rapid atmospheric cooling; the
metal characters are completely changed with high
hardness.
5) From EDS result it is confirmed that more elements of
copper diffused on both sides of base metal as interme-
tallic compounds and there is no direct contact between
both the parent metals. It can be concluded that the
insertion of pure copper interlayer allows reducing the
formation of brittle TieFe and TieCr-based phases. The
local accumulation of Cu3eTi based phase is less detri-
mental to the strength of the welds, which makes joining
possible. Such intermetallic region has improved bonding
strength and high tensile strength compared to direct
bonding of the two metals.Acknowledgment
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